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$FKLHYLQJ RYHU  SRZHU FRQYHUVLRQ HIILFLHQF\ LQ 3II%772'EDVHG WHUQDU\ SRO\PHU
VRODUFHOOVZLWKHQKDQFHGRSHQFLUFXLWYROWDJHDQGVXSSUHVVHGFKDUJHUHFRPELQDWLRQ 
:HL /L -LQORQJ &DL )HLORQJ &DL <X <DQ +XQDQ <L 5REHUW 6 *XUQH\ 'DQ /LX
$KPHG,UDTL7DR:DQJ
6FKRRORI0DWHULDOV6FLHQFHDQG(QJLQHHULQJ:XKDQ8QLYHUVLW\RI7HFKQRORJ\:XKDQ
&KLQD(PDLOWZDQJ#ZKXWHGXFQ
6WDWH .H\ /DERUDWRU\ RI 6LOLFDWH 0DWHULDOV IRU $UFKLWHFWXUHV :XKDQ 8QLYHUVLW\ RI 7HFKQRORJ\
:XKDQ&KLQD
'HSDUWPHQWRI&KHPLVWU\8QLYHUVLW\RI6KHIILHOG6KHIILHOG6+)8.
$EVWUDFW 
)DEULFDWLQJ WHUQDU\ VRODU FHOOV 76&V LV D SURPLVLQJ VWUDWHJ\ WR LPSURYH WKH SRZHU FRQYHUVLRQ
HIILFLHQF\ RI RUJDQLF SKRWRYROWDLFV ZLWKRXW LQWURGXFLQJ VRSKLVWLFDWHG SURFHVVLQJ SURFHGXUHV :H
UHSRUW LQ WKLV ZRUN KLJK HIILFLHQF\ 76&V ZLWK WKH PD[LPXP 3&( RYHU  E\ LQWURGXFLQJ D
PHGLXP EDQG JDS FRQMXJDWHG SRO\PHU 3&'7%7 LQWR WKH 3II%772'3&%0 ELQDU\
SKRWRYROWDLF V\VWHP 0RUSKRORJLFDO LQYHVWLJDWLRQ VKRZV WKDW WKH WKLUG FRPSRQHQW 3&'7%7
ORFDWHVDWWKHLQWHUIDFHEHWZHHQ3II%772'DQG3&%0ZLWKRXWGLVUXSWLQJWKHFU\VWDOOL]DWLRQRI
3II%772'WRPDLQWDLQGHFHQWFKDUJHPRELOLW\DQGORRVHQVWKHIXOOHUHQHDJJUHJDWLRQQHWZRUNV
WR IDFLOLWDWH H[FLWRQ GLVVRFLDWLRQ 7KH HIILFLHQW )|UVWHU HQHUJ\ WUDQVIHU IURP 3&'7%7 WR
3II%772'HQDEOHVWKHWHUQDU\GHYLFHVWRUHWDLQDKLJKVKRUWFLUFXLWFXUUHQWGHVSLWHWKHVOLJKWO\
GHFUHDVHG OLJKW DEVRUSWLRQ 'HYLFH SK\VLFV VWXGLHV VXJJHVW WKDW WKH DGGLWLRQ RI 3&'7%7 FDQ
HQKDQFHWKHEXLOWLQYROWDJHSURORQJWKHFDUULHUOLIHWLPHUHGXFHWKHGHIHFWGHQVLW\DQGVXSSUHVVWKH
WUDSDVVLVWHGFKDUJHUHFRPELQDWLRQOHDGLQJWRDQLPSURYHG))DQG92&WRHQKDQFHWKHHIILFLHQF\RI
WHUQDU\GHYLFHV 

.H\ZRUGVSRO\PHUVRODUFHOOVWHUQDU\VRODUFHOOVPRUSKRORJ\GHYLFHSK\VLFV 
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,QWURGXFWLRQ
 (IIRUWV IURP WKH V\QWKHVLV RI QHZ VPDOOEDQGJDS SRO\PHUV PRUSKRORJLFDO FRQWURO
LQWHUIDFLDO HQJLQHHULQJ DQG GHYLFH DUFKLWHFWXUDO GHVLJQ KDYH GULYHQ D VWHDG\ SURJUHVV RI
SRO\PHUVRODUFHOOV36&VZLWKWKHPD[LPXPSRZHUFRQYHUVLRQHIILFLHQF\3&(QRZDSSURDFKLQJ
)RUWKHIXOOHUHQHEDVHG36&VHPSLULFDOH[SHULHQFHKDVOHGFXUUHQWVWXGLHVWRIRFXVRQWKHXVH
RIQDUURZEDQGJDSFRQMXJDWHGSRO\PHUV WRREWDLQKLJK-6&YDOXHVDQGHOHFWURQGRQRUVZLWKGHHS
+202HQHUJ\OHYHOVWRJHWDKLJK92&+RZHYHUDVL]HDEOHFKDOOHQJHPXVWEHRYHUFRPHLQRUGHU
WR IXUWKHU SXVK IRUZDUG WKH HIILFLHQF\ OLPLW RI 36&V ZKLFK LV WKH WUDGHRII EHWZHHQ WKH KLJKHVW
VKRUWFLUFXLW FXUUHQW -6& DQG RSHQFLUFXLW YROWDJH 92& WKDW FDQ EH VLPXOWDQHRXVO\ DFKLHYHG E\
LQFRUSRUDWLQJDVLQJXODUSKRWRYROWDLFEOHQGLQDVLQJOHMXQFWLRQGHYLFHDVDUHVXOWRIWKHUPDOL]DWLRQ
ORVVHVDQGWKH6KRFNOH\4XHLVVHUHIILFLHQF\OLPLW 
$OWKRXJK FRQQHFWLQJ WZR RSHUDWLRQDO VXEGHYLFHV ZLWK FRPSOHPHQWDU\ DEVRUSWLRQ UDQJHV LQ
VHULHVWREXLOGDWDQGHPGHYLFHLVDVPDUWZD\WRHQKDQFHWKHOLJKWDEVRUSWLRQLWLVFRPSOLFDWHGWR
DVVHPEOH DQG WKH FRVWO\ IDEULFDWLRQ SURFHVV KLQGHUV WKH ODUJHVFDOH SURGXFWLRQ ,Q FRQWUDVW
IDEULFDWLQJ WHUQDU\ VRODU FHOOV 76&V LV D SURPLVLQJ VWUDWHJ\ WR EURDGHQ WKH DEVRUSWLRQ VSHFWUXP
ZLWKRXWLQWURGXFLQJVRSKLVWLFDWHGSURFHVVLQJSURFHGXUHV5HFHQWO\VHYHUDOUHVHDUFKHIIRUWVDLPHGDW
LQFUHDVLQJWKH3&(RI76&VE\LQWURGXFLQJDWKLUGFRPSRQHQWWRHLWKHUEURDGHQOLJKWKDUYHVWLQJ
HQFRXUDJH HQHUJ\ DQG FKDUJH WUDQVIHU RSWLPL]H PRUSKRORJ\ RU DFKLHYH D WKLFN DFWLYH
OD\HUKDYHOHGWRDQRWDEOH3&(RILQ76&V7RGHVLJQ76&VZLWKLPSURYHGHIILFLHQF\
RYHUWKHLUELQDU\FRXQWHUSDUWVDIHZFULWHULDQHHGWREHPHWIRUDSRVLWLYHLPSDFW)LUVWO\WKHWKLUG
FRPSRQHQWQHHGWRKDYHVRPHPLVFLELOLW\ZLWKWKHSULPDU\FRPSRQHQWVVRLWFDQORFDWHHLWKHULQWKH
SULPDU\GRQRURUDFFHSWRUSKDVHVDWWKHGRQRUDFFHSWRULQWHUIDFHRUIRUPQHZDOOR\V6HFRQGO\
UDWLRQDO HQHUJ\ RU FKDUJH WUDQVIHU WR D FRPSRQHQW WKDW KDV PRUH HIILFLHQW FKDUJH GLVVRFLDWLRQ RU
WUDQVSRUW DELOLW\ ZRXOG LPSURYH WKH GHYLFH SHUIRUPDQFH   0XOWLOHQJWK VFDOH KLHUDUFKLFDO
PRUSKRORJ\ZLWKWKHFRH[LVWHQFHRIELJDQGVPDOOGRPDLQVKDYHEHHQIRXQGLQDODUJHQXPEHURI
IXOOHUHQHDQGQRQIXOOHUHQH36&VDQGDFKLHYLQJDKLJKDYHUDJHSXULW\DQGKLJKO\RUGHUHGSDFNLQJ
DW WKH VPDOOHVW OHQJWK VFDOH KDYH EHHQ IRXQG WR IDFLOLWDWH HIILFLHQW H[FLWRQ VSOLWWLQJ DQG FKDUJH
WUDQVSRUW $GPLWWHGO\VRPH WHUQDU\36&V\VWHPVDOVRVXIIHU IURPWKH WUDGHRIIEHWZHHQILOO
IDFWRU))-6&DQG92&$OWKRXJKVRPHKLJKSHUIRUPLQJ76&VKDYHEHQUHDOL]HGZLWKLQFUHDVHG))
DQG-6&WKHLU92&KDYHEHHQSLQQHGWRWKHVPDOOHU92&RIWKHFRUUHVSRQGLQJELQDU\EOHQGV 
 3
&RPSDUHG WR RWKHU QDUURZ EDQGJDS SRO\PHUV
SRO\>GLIOXRUREHQ]RWKLDGLD]ROGL\ODOW¶¶¶GLRFW\OGRGHF\Oÿÿ¶¶¶¶¶¶¶
TXDWHUWKLRSKHQ¶¶¶GL\O@3II%772'LVDFU\VWDOOL]DEOHSRO\PHUWKDWKDVKLJKKROHPRELOLW\
ZLWK VWURQJ WHPSHUDWXUHGHSHQGHQW DJJUHJDWLRQ EHKDYLRU ZKLFK FDQ EH PDQLSXODWHG WR IRUP DQ
LGHDO SRO\PHUIXOOHUHQHPRUSKRORJ\ ZLWK KLJKO\ FU\VWDOOLQH DQG VPDOO SRO\PHU GRPDLQV 7KLV
KDVHQDEOHGKLJK-6&DQG))YDOXHVWREHDFKLHYHGHYHQLQWKLFN3II%772'3&%0ILOPVRI
QPZLWKD3&(RYHU$OWKRXJKSUHYLRXVZRUNVKDYHUHSRUWHGWKDW3II%772'FDQEH
VHOHFWHGDVDVHFRQGHOHFWURQGRQRUWRIDFLOLWDWHLGHDOPRUSKRORJ\WRLPSURYHWKH3&(RI76&V
76&VZLWK3II%772'DVWKHKRVWHOHFWURQGRQRUWRWDNHDGYDQWDJHRILWVIDYRUDEOHSKRWRYROWDLF
SURSHUWLHVWRDFKLHYHHYHQKLJKHU3&(VKDYHVRIDUQRWEHHQUHSRUWHGLQWKHOLWHUDWXUH 
,Q WKLV VWXG\ ZH LQWURGXFH D PHGLXP EDQGJDS SRO\PHU QDPHO\ SRO\>KHSWDGHFDQ\O
9HFDUED]ROHGL\ODOWELVRFW\OR[\GLWKLRSKHQ\OEHQ]R>F@>@WKLDGLD]ROH
GL\O@ 3&'7%7 DV WKH WKLUG FRPSRQHQW LQWR WKH ELQDU\ 3II%772'3&%0 SKRWRYROWDLF
V\VWHP WR SUHSDUH 76&V 7KH KLJKHVW RFFXSLHG PROHFXODU RUELWDO +202 HQHUJ\ OHYHO RI
3&'7%7LVORZHUWKDQWKDWRI3II%772'VHH)LJXUHF VRLWKDVWKHSRWHQWLDOWRLQFUHDVH
WKH 9RF RI 76&V 7KH PROHFXODU SDFNLQJ LQ 3&'7%7 ZRQ¶W EH FKDQJHG DW D UHODWLYHO\ KLJK
WKHUPDODQQHDOLQJ WHPSHUDWXUHDURXQGR& WKHUHIRUH WKHQHFHVVDU\KRWDQQHDOLQJSURFHGXUHRI
3II%772'3&%0V\VWHPVKDOOQRWLQWURGXFHDQ\QHJDWLYHLPSDFWVWRWKHGHYLFHSHUIRUPDQFH
RI76&V2XUUHVXOWVVKRZWKDWWKH)|UVWHUHQHUJ\WUDQVIHUIURP3&'7%7WR3II%772'PDNHV
WKHWHUQDU\GHYLFHVUHWDLQKLJKVKRUWFLUFXLWFXUUHQWVGHVSLWHDVOLJKWGHFUHDVHRIOLJKWDEVRUSWLRQRI
WKHWHUQDU\EOHQGV7KHJRRGPLVFLELOLW\RI3&'7%7ZLWK3&%0DQGLWVORFDWLRQDWWKHLQWHUIDFH
EHWZHHQ 3II%772' DQG 3&%0 IDFLOLWDWH H[FHOOHQW H[FLWRQ GLVVRFLDWLRQ DQG FKDUJH WUDQVIHU
FKDUDFWHULVWLFV LQ WKH WHUQDU\ EOHQG )XUWKHUPRUH GHYLFH SK\VLFV LQYHVWLJDWLRQV VXJJHVW WKDW WKH
DGGLWLRQ RI 3&'7%7 FDQ HQKDQFH WKH EXLOWLQ YROWDJH SURORQJ WKH FDUULHU OLIHWLPH UHGXFH WKH
GHIHFWGHQVLW\DQGVXSSUHVVWKHWUDSDVVLVWHGPRQRPROHFXODUUHFRPELQDWLRQ$VDUHVXOWWKHWHUQDU\
GHYLFHZLWKWKHDGGLWLRQRIZW3&'7%7DFKLHYHGDKLJK3&(RIZLWKD92&RI9
-6&RIP$FPDQG))RI 



 4
5HVXOWVDQGGLVFXVVLRQ

)LJXUH D'HYLFH DUFKLWHFWXUH RI WKH WHUQDU\36&V E7KH FKHPLFDO VWUXFWXUHV DQG F HQHUJ\
OHYHOVRI3II%772'3&'7%7DQG3&%0 
 $OO GHYLFHV LQ WKLV ZRUN ZHUH IDEULFDWHG LQ DQ LQYHUWHG FRQILJXUDWLRQ RI
,727L23II%772'3&'7%73&%00R2$JVHH)LJXUH)LJXUHVEDQGFVKRZ WKH
FKHPLFDOVWUXFWXUHVDQGHQHUJ\OHYHOVRI3&'7%73II%772'DQG3&%07KH+202
HQHUJ\ OHYHO RI 3&'7%7 LV í H9 ZKLFK LV GHHSHU WKDQ WKDW RI 3II%772' DW í H9
WKHUHIRUH WKH LQFRUSRUDWLRQ RI 3&'7%7 KDV WKH SRWHQWLDO WR LPSURYH WKH 92& RI RXU 76&V
3II%772' LV D FU\VWDOOLQH SRO\PHU ZKLOVW 3&'7%7 LV DPRUSKRXV )LJXUH  VKRZV WKH
WUDQVPLVVLRQ HOHFWURQ PLFURVFRS\ 7(0 RI 3II%772'3&%0 3&'7%73&%0 DQG
3II%772'3&'7%73&%0ILOPV7KHGDUN DQGEULJKW UHJLRQV UHSUHVHQW WKH IXOOHUHQH DQG
SRO\PHUGRPDLQVUHVSHFWLYHO\GXHWRWKHLUGLIIHUHQWHOHFWURQGHQVLWLHV,WFDQEHVHHQIURP)LJXUH
DDQGEWKDWWKH3II%772'3&%0EOHQGILOPFRQVLVWVRIILEULOOLNHWH[WXUHGGRPDLQVWKDWZH
LGHQWLI\ DV WKH VHPLFU\VWDOOLQH SRO\PHU 3II%772' ZKLOVW 3&'7%73&%0 H[KLELWV D
KRPRJHQHRXV GLVWULEXWLRQ RI GRQRU DQG DFFHSWRU :LWK WKH LQWURGXFWLRQ RI 3&'7%7 LQWR WKH
3II%772'3&%0KRVWEOHQGWKHILEULOOLNHWH[WXUHVDUHUHWDLQHGZKLFKLVIDYRUDEOHIRUFDUULHU
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WUDQVIHU DOWKRXJK LQ WKHVH WHUQDU\EOHQGV WKH ILEULOV FRDOHVFHG WRJHWKHU WRKDYH VOLJKWO\ ODUJHUEXW
PRUHFRQWLQXRXVSRO\PHUEULJKWDQGIXOOHUHQHGDUNGRPDLQVVHH)LJXUHFH 

)LJXUH  7(0 LPDJHV RI WKH ELQDU\ DQG WHUQDU\ ILOPV D 3II%772'3&%0  E
3&'7%73&%03II%772'3&'7%73&%0WHUQDU\ILOPVZLWKWKHEOHQGLQJUDWLRV
RI F  G  DQG H  I 6XUIDFH HQHUJLHV RI
3&'7%73&%0DQG3&'7%73II%772'ELQDU\EOHQGILOPVZLWKWKHSUHVHQFHRIGLIIHUHQW
DPRXQWVRI3&'7%7
:HKDYHDWWHPSWHGWRLGHQWLI\WKHORFDWLRQRI3&'7%7ZLWKLQWKHWHUQDU\SKRWRYROWDLFEOHQGV
YLDDVXUIDFHHQHUJ\DQDO\VLVDSSURDFKZKHUHWKHORFDOL]DWLRQRIWKHWKLUGFRPSRQHQWLQDWHUQDU\
EOHQG FDQ EH LQIHUUHG IURP WKH LQWHUIDFLDO VXUIDFH HQHUJ\ DQG ZHWWLQJ FRHIILFLHQW RI WKH WKLUG
FRPSRQHQW7KHVXUIDFHHQHUJLHVRISXUH3II%772'3&%0DQGWKHLUEOHQGILOPVZLWKWKH
SUHVHQFHRIGLIIHUHQWDPRXQWVRI3&'7%7ZHUHHVWLPDWHG IURPWKHZDWHUFRQWDFWDQJOH :&$
PHDVXUHPHQWVDQGDUHVXPPDUL]HGLQ7DEOH67KHVXUIDFHHQHUJ\RI3&'7%7Ȗ3&'7%7 
P- FP ZDV REVHUYHG WR EH EHWZHHQ WKRVH RI 3II%772' Ȗ3II%772'   P- FP DQG
3&%0 Ȗ3&%0   P- FP $V UHSRUWHG LQ SUHYLRXV ZRUN WKH FORVHQHVV RI WKH VXUIDFH
HQHUJ\YDOXHVRIWKHHOHFWURQGRQDWLQJSRO\PHUVHQVXUHVJRRGPLVFLELOLW\LQWHUQDU\V\VWHPV)LJXUH
 6
IVKRZVWKHVXUIDFHHQHUJLHVRI3II%772'DQG3&%0ILOPVEOHQGHGZLWKYDULRXVFRQWHQWVRI
3&'7%7 :H IRXQG WKDW WKH VXUIDFH HQHUJ\ Ȗ3&%03&'7%7 GHFUHDVHG ZKLOVW WKH VXUIDFH HQHUJ\
Ȗ3II%772'3&'7%7LQFUHDVHGPRQRWRQLFDOO\ZLWKWKHDGGLWLRQRI3&'7%77KHLQWHUIDFLDOVXUIDFH
HQHUJLHVEHWZHHQGLIIHUHQWPDWHULDOVZLWKLQ WKH WHUQDU\EOHQGZHUHFDOFXODWHGXVLQJHTXDWLRQ LQ
WKHVXSSRUWLQJLQIRUPDWLRQDQGDUHVXPPDUL]HGLQ7DEOH67KHZHWWLQJFRHIILFLHQWRI3&'7%7
LQ3II%772'3&%0ZDVFDOFXODWHGWREHXVLQJHTXDWLRQLQWKHVXSSRUWLQJLQIRUPDWLRQ
WKLVYDOXHLVOHVVWKDQXQLWDQGKDVEHHQFRQFOXGHGWRLQGLFDWHWKDW3&'7%7SULPDULO\ORFDWHVDW
WKHLQWHUIDFHEHWZHHQ3II%772'DQG3&%0GRPDLQV 
:HKDYHIXUWKHUTXDOLILHGWKHFU\VWDOOL]DWLRQRI3II%772'DQGWKHGRPDLQFKDQJHVRIWKH
WHUQDU\ 76&V YLD JUD]LQJ LQFLGHQFH VPDOODQJOH ;UD\ VFDWWHULQJ *,6$;6 7KH ' *,6$;6
SDWWHUQVRIWKHELQDU\3II%772'3&%0EOHQGILOPDQGWHUQDU\ILOPVZLWKDQGZW
RI3&'7%7DUHVKRZQLQ)LJXUHDG7KHEURDGTUDQJHRIRXU*,6$;6VHWXSDOVRDOORZVWKH
 ODPHOODHGLIIUDFWLRQ ULQJ LQ WKHRXWRISODQHGLUHFWLRQ WR EHGLVSOD\HG WRJHWKHUZLWK WKH'
*,6$;6SDWWHUQVZKRVHDSSHDUDQFHVXSSRUWVRXUHDUOLHULGHQWLILFDWLRQRIWKHILEULOOLNHWH[WXUHWR
EHWKHFU\VWDOOL]DEOH3II%772'FRPSRQHQW7KHORFDWLRQRIWKLVSDWWHUQLVDWTĬc
IURPWKH'SURILOHSORWWHGLQ)LJXUHHDQGLVFRQVLVWHQWZLWKSUHYLRXVUHSRUWV>@7KHGRPDLQ
VL]HRI WKHSRO\PHUFU\VWDOOLWHVDW  'DUHFDOFXODWHGE\6FKHUUHU¶V UHODWLRQDQGVKRZQ LQ
7DEOH  ,W LV FOHDU WKDW WKH LQWHQVLW\ DQG IXOO ZLGWK DW KDOI PD[LPXP RI WKH ODPHOODH 
GLIIUDFWLRQ SHDNV DUH XQFKDQJHG VXJJHVWLQJ WKDW WKH DGGLWLRQ RI 3&'7%7 GLG QRW DOWHU WKH
FU\VWDOOLQLW\ RI 3II%772' LQ WKH WHUQDU\ V\VWHP ,QYHVWLJDWLRQ RI WKH SS VWDFNLQJ SHDN RI
3II%772' XSRQ WKH DGGLWLRQ RI 3&'7%7 DOVR VXJJHVWV QHJOLJLEOH PRGLILFDWLRQV )LJXUH I
SORWVWKHLQSODQH'SURILOHVH[WUDFWHGDWWKHVSHFXODUEHDPSRVLWLRQZLWKLQWKHUHJLRQT\  f
 cí 7KH SURILOHV ZHUH ILWWHG ZLWK D XQLYHUVDO PRGHO GHVFULEHG LQ GHWDLO LQ WKH VXSSRUWLQJ
LQIRUPDWLRQ 7KH ILWWLQJ SDUDPHWHUV DUH VXPPDUL]HG LQ 7DEOH  LQ ZKLFK ȟ LV WKH DYHUDJH
FRUUHODWLRQOHQJWKRIWKH3&%0GLVSHUVHGSRO\PHUULFKSKDVHȘDQG'DUHWKHFRUUHODWLRQOHQJWK
DQGIUDFWDOGLPHQVLRQRIWKHIUDFWDOOLNHQHWZRUNRI3&%05JLVWKHSURGXFWRIȘDQG'ZKLFK
UHSUHVHQWV WKH OHQJWK RI WKH FOXVWHUHG 3&%0 GRPDLQ ,W VKRXOG EH QRWHG WKDW WKH 3&%0
GLVSHUVHG SRO\PHUULFK SKDVH FRQWDLQV ERWK FU\VWDOOLQH DQG DPRUSKRXV 3II%772' PROHFXOHV
ZLWK GLVSHUVHG 3&%0 SDUWLFOHV 7KH ELQDU\ 3II%772'3&%0 ILOP VKRZHG WKH VPDOOHVW
FRUUHODWLRQ OHQJWKRI WKH3&%0GLVSHUVHGSRO\PHU QPDQGFOXVWHUHG3&%0QP
GRPDLQV LQ OLQH ZLWK OLWHUDWXUH ZRUN 7KH IXOOHUHQHGLVSHUVHG SRO\PHU GRPDLQ VL]H DQG
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IXOOHUHQHFOXVWHUVL]HRQO\VKRZDPLQRULQFUHDVHZLWKWKHDGGLWLRQRIDQGZW3&'7%7DV
VHHQLQ7DEOHIXUWKHUGHPRQVWUDWLQJWKDW3&'7%7GLGQRWVLJQLILFDQWO\GLVUXSWWKHPRUSKRORJ\
RI WKH KRVW EOHQG 7KH GRPDLQ VL]H ' RI WKH FU\VWDOOLQH SRO\PHU ZDV XQFKDQJHG DQG WKH
FRUUHODWLRQ OHQJWKRI WKH3&%0GLVSHUVHGSRO\PHUULFKSKDVHȟ LQFUHDVHGZLWK WKHDGGLWLRQRI
3&'7%7 LPSO\LQJ WKDW WKH LQFUHDVHGȟRULJLQDWHV IURPWKHPL[HG3&'7%7IXOOHUHQH IUDFWLRQ
)XUWKHUPRUH ZLWK WKH LQFRUSRUDWLRQ RI 3&'7%7 WKH IUDFWDO GLPHQVLRQ RI IXOOHUHQH IUDFWDO
QHWZRUNVGHFUHDVHGIURPWREXWWKHGRPDLQVL]HH[WHQGHGIURPWRQPVXJJHVWLQJ
WKDWWKH3&%0FOXVWHUVEHFDPHORRVH%DVHGRQWKHDERYHPRUSKRORJLFDOLQYHVWLJDWLRQRIWKH76&
ILOPZHVFKHPDWLFDOO\VKRZWKHPLFURVWUXFWXUHRIWKHELQDU\DQGWHUQDU\EOHQGVLQ)LJXUHJDQGK
7KH3&'7%7FRPSRQHQW LVODUJHO\ORFDWHGDW WKHLQWHUIDFHEHWZHHQ3II%772'DQG3&%0
GRPDLQVZKLOHLWVJRRGPLVFLELOLW\ZLWK3&%0DOORZVLWWRGLIIXVHLQWRWKH3&%0DJJUHJDWLRQ
WR GLOXWH 3&%0 FOXVWHUV OHDGLQJ WR D ORRVHO\SDFNHG IXOOHUHQH QHWZRUN $V UHSRUWHG LQ SUHYLRXV
ZRUN WKHVH ORRVHO\SDFNHG IUDFWDO IXOOHUHQH QHWZRUNV FDQ H[WHQG WR ODUJHU UHJLRQV WR IDFLOLWDWH
H[FLWRQGLVVRFLDWLRQ 
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

)LJXUH'*,6$;6SDWWHUQVRID3II%772'3&%0DQGLWVWHUQDU\EOHQGVZLWKEF
DQGGZW3&'7%7H'*,6$;6SURILOHVDORQJT]D[LVVKRZLQJWKHGLIIUDFWLRQ
SHDNRI3II%772'I'*,6$;6SURILOHVDORQJT\D[LV6FKHPDWLFRIWKHPLFURVWUXFWXUHRI
WKH3II%772'3&%0EDVHGJELQDU\DQGKWHUQDU\EOHQGILOPV

7DEOH  )LWWLQJ SDUDPHWHUV RI ' *,6$;6 SURILOHV RI 3II%772'3&%0 EDVHG ELQDU\ DQG
WHUQDU\ILOPV
 '>QP@ ȟ>QP@ Ș>QP@ D 2Rg>QP@
3II%772'3&%0     
:LWK3&'7%7     
:LWK3&'7%7     
:LWK3&'7%7     
    
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    7KH 899LV DEVRUSWLRQ VSHFWUD RI 3II%772'3&%0 ELQDU\ DQG WHUQDU\ ILOPV ZLWK
GLIIHUHQW FRQWHQWV RI 3&'7%7 DUH VKRZQ LQ )LJXUH D 7KH DGGLWLRQ RI 3&'7%7 FDXVHG WKH
DEVRUSWLRQDELOLW\WRGHFUHDVHLQWKHWRQPUDQJHEXWLQFUHDVHLQWKHWRQPUDQJH
LQGLFDWLQJWKDWWKHLQWURGXFHG3&'7%7VOLJKWO\UHGXFHVWKHDPRXQWRIWKHDEVRUEHGSKRWRQVDQG
PD\ OHDG WR D UHGXFHG -6& LQ 76&V )LJXUH 6 VKRZV WKH HPLVVLRQ DQG DEVRUSWLRQ VSHFWUD RI
3II%772'3&'7%7ELQDU\DQGWHUQDU\ILOPZLWKGLIIHUHQWDPRXQWRI3&'7%7,WVKRZVWKDW
WKHPD[LPXPDEVRUSWLRQSHDNVRI3II%772'DUHORFDWHGIURPWRQPZKLOHLQFRQWUDVW
WKLV UDQJH FRQWDLQV WKHPD[LPXP3/HPLVVLRQSHDNVRI3&'7%7 7KHVHRYHUODSSHGDEVRUSWLRQ
DQG3/HPLVVLRQVSHFWUDFDQRIIHUDQHIILFLHQW)|UVWHUW\SHHQHUJ\WUDQVIHU LQWKHWHUQDU\EOHQG
$VVKRZQLQILJXUH6EWKH3/LQWHQVLW\RI3II%772'JUDGXDOO\LQFUHDVHVXSRQEOHQGLQJZLWK
3&'7%7ZKLOVWWKH3/RI3&'7%7LVTXHQFKHGFRPSOHWHO\LPSO\LQJHIILFLHQWHQHUJ\WUDQVIHU
IURP3&'7%7WR3II%772'7KHSRVVLELOLW\RIFKDUJHWUDQVIHUEHWZHHQ3II%772'DQG
3&'7%7ZDVDOVRLQYHVWLJDWHGE\PHDVXULQJWKH-9FXUYHVRI3II%772'3&'7%7ELQDU\
GHYLFHVZLWKYDU\LQJEOHQGLQJUDWLRV$VVKRZQLQ)LJXUH6LWLVDSSDUHQWWKDWWKHELQDU\VRODUFHOOV
ZLWK  3II%772' DQG 3&'7%7 VKRZ D ORZ -6& YDOXH EHWZHHQ SXUH3II%772'
DQG SXUH 3&'7%7 VRODU FHOOV LOOXVWUDWLQJ WKDW WKH H[FLWRQ GLVVRFLDWLRQ DW WKH
3II%772'3&'7%7LQWHUIDFHLVQHJOLJLEOHDQGWKHUHIRUHWKHUHLVQRHIIHFWLYHFKDUJHWUDQVIHU
EHWZHHQWKHP


)LJXUH  D 7KH DEVRUSWLRQ VSHFWUD RI 3II%772'3&%0 EOHQGV ZLWK GLIIHUHQW DPRXQWV RI
3&'7%7 E &KDPSLRQ -±9 FXUYHV RI WHUQDU\ 36&V ZLWK GLIIHUHQW 3&'7%7 FRQWHQWV 7KH
ZHLJKWUDWLRRIHOHFWURQGRQDWLQJSRO\PHUVWR3&%0ZDVIL[HGDWF&RUUHVSRQGLQJ(4(
VSHFWUDRIWKHWHUQDU\36&V 


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7DEOH6XPPDU\RISKRWRYROWDLFSDUDPHWHUVRILQYHUWHGWHUQDU\VRODUFHOOVZLWKGLIIHUHQWFRQWHQWV
RI3&'7%7XQGHUWKHLOOXPLQDWLRQRI$0*DWP:FP7KHRYHUDOOGRQRUVWR3&%0
UDWLRVZHUHNHSWDW7KHGDWDSUHVHQWHGDUHWKHPD[LPXPYDOXHVIROORZHGE\DYHUDJHYDOXHV
DQGVWDQGDUGGHYLDWLRQVLQWKHSDUHQWKHVHVREWDLQHGIURPRYHULQGLYLGXDOGHYLFHV
&RPSRQHQW 9RF>9@ -VF  >P$FP@ ))>@ 3&(>@
3II%772'3&%0 f f f f
:LWK3&'7%7 f f f f
:LWK3&'7%7 f f f f
:LWK3&'7%7 f f f f
:LWK3&'7%7 f f f f
:LWK3&'7%7 f f f f

)LJXUH E VKRZV WKH FXUUHQW GHQVLW\ YHUVXV YROWDJH -9 FKDUDFWHULVWLFV 7KH SKRWRYROWDLF
SDUDPHWHUV IRU 76&V DUH VXPPDUL]HG LQ 7DEOH  7KH 3II%772'3&%0 UHIHUHQFH GHYLFH
H[KLELWHGDEHVW3&(RIZLWKD-VFRIP$FP9RFRI9DQG))RI7KH
76&6H[KLELWHGRQO\DPRGHUDWHGHFUHDVHLQ-VFZLWKWKHLQFUHDVHG3&'7%7FRQWHQWPDLQWDLQLQJ
HYHQZLWKZW3&'7%7GHVSLWHWKHGHFUHDVHGDEVRUSWLRQLQWHQVLW\GHWDLOHGHDUOLHU7KLV
PD\EH DVFULEHG WR WKHHQHUJ\ WUDQVIHU IURP3&'7%7 WR3II%772'1RWDEO\ WKH))RI WKH
76&V LQFUHDVHG IURP WRDQGZKHQ WKHZHLJKW UDWLRRI3&'7%7 LVDQG
UHVSHFWLYHO\VLJQLI\LQJWKDWWKHDGGLWLRQRI3&'7%7PD\LPSURYHWKHFKDUJHPRELOLW\RUUHGXFH
UHFRPELQDWLRQ $GGLWLRQDOO\ WKH 92& RI RXU 76&V FRQWLQXRXVO\ LQFUHDVHG ZLWK WKH LQFUHDVLQJ
FRQWHQWRI3&'7%7LQOLQHZLWKSUHYLRXVUHSRUWVWKDWWKH92&RI76&VFDQEHFRQWLQXRXVO\WXQHG
EHWZHHQWKH92&YDOXHVRIFRUUHVSRQGLQJELQDU\VRODUFHOOVLQVWHDGRIIROORZLQJWKHUHJXODUUXOH
WKDW92&ZLOOXVXDOO\EHGHWHUPLQHGE\WKHGLIIHUHQFHEHWZHHQWKH/802OHYHORIDFFHSWRUDQGWKH
ORZHU+202OHYHORIGRQRUV$VDUHVXOW76&VZLWKZW3&'7%7DFKLHYHGDPD[LPXP
3&(RIZLWKWKH92&RI92QWKHFRQWUDU\DOWKRXJK76&VZLWKZW3&'7%7
FDQREWDLQDKLJKHU92&RI9WKHLU-6&DQG))GHFOLQHGVLJQLILFDQWO\OHDGLQJWRDUHODWLYHO\ORZ
3&(RI ,W VKRXOGEHQRWHG WKDW WKHRSWLPL]HG UDWLRRI3II%772'WR3&%0LV
ZKLOVW WKH RSWLPL]HG UDWLR RI 3&'7%7 WR 3&%0 LV  :H WKHUHIRUH IDEULFDWHG 76&V ZLWK
KLJKHUUDWLRVRIIXOOHUHQHWRSRO\PHU7KHUHVXOWVDUHVXPPDUL]HGLQ7DEOH6VKRZLQJWKDW76&V
H[KLELWDQLQFUHDVHG))DQGDGHFUHDVHG-6&ZLWKKLJKHUIXOOHUHQHFRQWHQWVFDXVLQJOLWWOHFKDQJHLQ
WKH 3&( ZKHQ WKH LQFUHDVH RI IXOOHUHQH ORDGLQJ LV PRGHUDWH DQG UHGXFHG 3&( DW PXFK KLJKHU
IXOOHUHQHORDGLQJV7KHH[WHUQDOTXDQWXPHIILFLHQF\(4(FXUYHVDUHVKRZQLQ)LJXUHFDQGWKH
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LQWHJUDWHG(4(YDOXHVDUHFRQVLVWHQWZLWK-6&YDOXHVVKRZLQJDVOLJKWGHFOLQHZLWKWKHDGGLWLRQRI
3&'7%7:HKDYHDOVRIDEULFDWHGDEDWFKRI76&GHYLFHVZLWKDPXFKODUJHUDFWLYHDUHDRI
PPDQGWKHGHYLFHPHWULFVDUHVXPPDUL]HGLQ7DEOH6:LWKWKHLQFUHDVHGDFWLYHOD\HUDUHDIURP
 WR  PP WKH -VF DQG )) YDOXHV GHFUHDVHG VOLJKWO\ GXH WR WKH LQFUHDVHG VHULHV UHVLVWDQFH
ZKLOVWWKH9RFYDOXHVUHPDLQVHVVHQWLDOO\XQFKDQJHG1RWDEO\DQHQFRXUDJLQJ3&(RIZLWK
D9RFRI9-VFRIP$FPíDQG))RIZDVDFKLHYHGIRUWKHGHYLFHDGGLQJ
3&'7%7LOOXVWUDWLQJWKDW3II%772'EDVHG76&VDOVRKDVWKHSRWHQWLDOWRIDEULFDWHODUJHDUHD
GHYLFHV3II%772'3&%0ELQDU\VRODUFHOOVKDYHEHHQIRXQGWRGHJUDGHTXLFNO\DVDUHVXOWRI
VSLQRGDO GHPL[LQJ RI GRQRUV DQG DFFHSWRUV LQ WKH VROLG VWDWH GXULQJ RSHUDWLRQ 2XU SUHOLPLQDU\
LQYHVWLJDWLRQ IRXQG WKDW WKH LQFRUSRUDWLRQ RI 3&'7%7 VORZHG GRZQ WKH HIILFLHQF\ GHJUDGDWLRQ
UDWH RI RXU 76&V E\ UHGXFLQJ WKH SKDVH VHSDUDWLRQ UDWH EHWZHHQ GRQRUV DQG DFFHSWRUV :H DUH
SHUIRUPLQJ PRUSKRORJLFDO FKDUDFWHUL]DWLRQV DQG SODQ WR FRUUHODWH PRUSKRORJLFDO HYROXWLRQ ZLWK
VWRUDJHOLIHWLPHRIWKRVH76&VDQGUHSRUWGHWDLOVLQDIROORZLQJXSUHSRUW  
7RXQGHUVWDQGWKHLQIOXHQFHRI3&'7%7FRQWHQWRQWKHSKRWRYROWDLFSDUDPHWHUVRI76&VZH
KDYH HYDOXDWHG WKH H[FLWRQ GLVVRFLDWLRQ DQG FDUULHU WUDQVSRUWUHFRPELQDWLRQ SURFHVV )LJXUH D
VKRZVWKHSKRWRFXUUHQWGHQVLW\-SKDVDIXQFWLRQRIWKHHIIHFWLYHYROWDJH9HIIRIRXU76&V+HUH
-SK LV GHILQHG DV -SK   -OLJKW í -GDUN ZKHUH -OLJKW DQG -GDUN DUH WKH SKRWRFXUUHQW GHQVLWLHV XQGHU
LOOXPLQDWLRQDQGGDUN UHVSHFWLYHO\ DQG9HII LVGHILQHGDV9HII 9í9DZKHUH9 LV WKHYROWDJH
ZKHQ -SK  DQG 9D LV WKH DSSOLHG YROWDJH 7KH -SK RI DOO GHYLFHV TXLFNO\ VDWXUDWHV ZKHQ 9HII
DSSURDFKHV9LQGLFDWLQJWKDWDOOJHQHUDWHGHOHFWURQKROHSDLUVDUHGLVVRFLDWHGXQGHUWKLVFRQGLWLRQ
$VVKRZQLQ7DEOH6WKHVDWXUDWHGFXUUHQWGHQVLW\-VDWRI76&VH[KLELWVRQO\DVOLJKWGHFOLQHIURP
WRP$FPZLWKWKHLQFRUSRUDWLRQRIZW3&'7%7VXJJHVWLQJWKDWWKHJHQHUDWHG
H[FLWRQVDUHQHDUO\XQDIIHFWHG3(7LVGHWHUPLQHGE\QRUPDOL]LQJ-SKZLWKUHVSHFWWR-VDW-SK-VDW
7KH3(7RIRXU76&VZLWKDQGZWRI3&'7%7DUHDQG
 UHVSHFWLYHO\ ZKLFK VKRZV WKDW WKH H[FLWRQ GLVVRFLDWLRQ FDQ EH HQKDQFHG ZLWK D PRGHUDWH
DGGLWLRQ RI 3&'7%7 )XUWKHUPRUH WKH KROH PRELOLW\ ZDV PHDVXUHG WR LQYHVWLJDWH WKH FKDUJH
WUDQVIHU RI WKHVH 76&V )LJXUH 6 DQG 7DEOH 6 VKRZ WKDW DOWKRXJK WKH KROH PRELOLWLHV RI 76&V
GHFUHDVHVZLWKWKHDGGLWLRQRI3&'7%7SDUWLFXODUO\DWKLJKHUZHLJKWIUDFWLRQV WKH76&VZLWK
DQGZW3&'7%7FDQDFTXLUHDKLJKKROHPRELOLW\RIDERXWFP96FRPSDUDEOHWRWKDW
RI WKH ELQDU\ GHYLFH 7KH VWXG\ RI 3&'7%73&%0 V\VWHP KDV FRQFOXGHG WKDW ELPROHFXODU
UHFRPELQDWLRQGRPLQDWH WKH UHFRPELQDWLRQSURFHVVZKHQ WKH VORSH LQ)LJXUHE LV N7T
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,QVWHDGDVLJQDWXUHRIPRQRPROHFXODURUWUDSDVVLVWHGUHFRPELQDWLRQZLOORSHUDWHZLWKDQHQKDQFHG
GHSHQGHQFHRIWKHRSHQFLUFXLWRQWKHOLJKWLQWHQVLW\N7T$VVKRZQLQ)LJXUHEVORSHVRI
  DQG  N7T ZHUH REWDLQHG IRU WKH 3II%772'3&%0 ELQDU\ DQG
3II%772'3&'7%73&%0 WHUQDU\ EOHQGV ZLWK D EOHQGLQJ UDWLR RI 
 DQG  UHVSHFWLYHO\ ,QGHHG ELPROHFXODU UHFRPELQDWLRQ GRPLQDWH LQ DOO
GHYLFHV DQG WKH WUDSDVVLVWHG PRQRPROHFXODU UHFRPELQDWLRQ EHFDPH ZHDNHU ZLWK WKH DGGLWLRQ RI
3&'7%7)LJXUH6EVKRZV WKH-9FXUYHVRI76&VZLWKGLIIHUHQWFRQWHQWVRI3&'7%7XQGHU
GDUNFRQGLWLRQV,WFDQEHVHHQWKDW76&VZLWKDQGZW3&'7%7VKRZDUHODWLYHO\ORZOHDN
FXUUHQW FRPSDUHG WR WKH 3II%772'3&%0 GHYLFH LOOXVWUDWLQJ WKDW WKH LQFRUSRUDWLRQ RI
3&'7%7 FRXOG SUHYHQW WKH FXUUHQW OHDNDJH WR UHGXFH FDUULHU UHFRPELQDWLRQ :KLVW WKHLU GDUN
FXUUHQWVXQGHUWKHIRUZDUGELDVZHUHDOPRVWXQFKDQJHGZLWKDQGZW3&'7%7VXJJHVWLQJ
WKDW3&'7%7GLGQRWDOWHUWKHVHULHVUHVLVWDQFHRIWKHKRVWEOHQG+RZHYHU76&VZLWKZW
3&'7%7 VKRZ D ORZ FXUUHQW LQ WKH IRUZDUG GLUHFWLRQ DQG KLJK OHDNDJH FXUUHQW LQ WKH UHYHUVH
GLUHFWLRQFRQVLVWHQWZLWKLWVSRRU))DQG-6&2YHUDOOZHFDQFRQFOXGHWKDWWKHHQKDQFHG))LQRXU
76&VFRPHVIURPWKHHQKDQFHGH[FLWRQGLVVRFLDWLRQDQGUHGXFHGFDUULHUUHFRPELQDWLRQLQVWHDGRI
LQFUHDVHGFDUULHUWUDQVSRUWDWLRQ 
 13

)LJXUHD3KRWRFXUUHQWGHQVLW\YHUVXVHIIHFWLYHYROWDJHFXUYHVE92&YHUVXVOLJKWLQWHQVLW\ZLWK
WKHVORSHJUDGLHQWLQGLFDWHGLQEUDFNHWVF1\TXLVWSORWVRILPSHGDQFHVSHFWUDZLWKDQDSSOLHGELDV
QHDU92&XQGHUVXQ LUUDGLDWLRQ ,QVHW VKRZV WKHHTXLYDOHQWFLUFXLWPRGHO WR ILW WKH LPSHGDQFH
VSHFWUDG7KH0RWW6FKRWWN\SORWRIVRODUFHOOVPHDVXUHGDWDSUREHIUHTXHQF\RIN+] 
$OWHUQDWLQJ FXUUHQW LPSHGDQFH VSHFWURVFRS\ ,6 ZDV SHUIRUPHG WR JDLQ LQGHSWK
XQGHUVWDQGLQJ RI WKH FKDUJH WUDQVSRUW DQG UHFRPELQDWLRQ SURFHVVHV )LJXUH F VKRZV WKH
FRUUHVSRQGLQJ 1\TXLVW SORWV RI WKH ELQDU\ DQG WHUQDU\ VRODU FHOOV PHDVXUHG DW 9 92& XQGHU WKH
LOOXPLQDWLRQRI6XQDQGILWWHGXVLQJWKHHTXLYDOHQWFLUFXLWPRGHOVKRZQLQWKHLQVHWRI)LJXUHF
7KH PRGHO FRQWDLQV D VHULHV UHVLVWDQFH 5 FRPLQJ PDLQO\ IURP WKH HOHFWULFDO FRQWDFWV DQG WKH
UHVLVWDQFHRIWKHHOHFWURGHVZKLFKUHPDLQHGDOPRVWFRQVWDQWLQDOOGHYLFHVVHH7DEOH65DQG5
FRUUHVSRQGWRWKHWUDQVSRUWDQGUHFRPELQDWLRQUHVLVWDQFHVRIWKHDFWLYHOD\HUZKLFKFRXOGEHXVHG
WRHYDOXDWH WKHFKDUJHFDUULHU WUDQVSRUWDQG UHFRPELQDWLRQSURFHVVHV 9DOXHVRI5 DQG5 IURP
WKLV PRGHO ILW VKRZ WKDW WKH DGGLWLRQ RI 3&'7%7 ZLOO LQFUHDVH ERWK WKH WUDQVSRUW DQG
UHFRPELQDWLRQUHVLVWDQFHVRIRXU76&VFRUUHVSRQGLQJWRWKHUHGXFHGFKDUJHWUDQVSRUWPRELOLW\DQG
VXSSUHVVHG UHFRPELQDWLRQ 7KH FRQVWDQW SKDVH HOHPHQW &3( VXJJHVWV QRQLGHDO EHKDYLRU RI WKH
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FDSDFLWRU DQG LV GHILQHG E\ &3(7 DQG &3(3   UHSUHVHQWLQJ WKH FDSDFLWDQFH DQG DQ
LQKRPRJHQHRXVFRQVWDQWUHVSHFWLYHO\,I&3(3HTXDOVWKH&3(LVLGHQWLFDOWRDQLGHDOFDSDFLWRU
ZLWKRXW WKHSUHVHQFHRI DQ\GHIHFWVDW WKHSRO\PHUIXOOHUHQH LQWHUIDFH2XUPRGHO ILWWLQJ VKRZV
WKDWWKH&3(3RI76&VDOOLQFUHDVHGWRZDUGVXQLWZLWKWKHDGGLWLRQRI3&'7%7VXJJHVWLQJWKDW
WKH LQWHUIDFH FDSDFLWDQFHEHWZHHQRXU HOHFWURQGRQDWLQJSRO\PHU DQGHOHFWURQDFFHSWLQJ IXOOHUHQH
EHFRPHVLGHDOZLWKWKHLQWURGXFWLRQRI3&'7%7)XUWKHUPRUHWKHDYHUDJHFDUULHUOLIHWLPHĲLQ
WKHDFWLYHOD\HUFDQEHFDOFXODWHGIURPWKHHTXDWLRQĲ 5î&3(7 DQGWKHĲYDOXHVDUHHVWLPDWHG
WREHDQGȝVIRUGHYLFHVZLWKDQGZWRI3&'7%7UHVSHFWLYHO\$
ORQJHU Ĳ LV DVVRFLDWHG ZLWK D ORZHU UHFRPELQDWLRQ UDWH DQG WKHUHIRUH WKH DGGLWLRQ RI 3&'7%7
VLJQLILFDQWO\VXSSUHVVHGWKHFKDUJHUHFRPELQDWLRQLQWKHWHUQDU\ILOP
7KH92&RI36&VLVHPSLULFDOO\GHWHUPLQHGIURPWKHVHSDUDWLRQEHWZHHQ)HUPLOHYHOVRIKROHV
()Q DQG )HUPL OHYHOV RI HOHFWURQV ()S XVLQJ WKH IROORZLQJ HTXDWLRQ 92& ()Q  ()ST  ,Q
RUGHU WR H[SORUH WKH GUDPDWLF LQFUHDVH RI 92& LQ RXU 76&V FDSDFLWDQFHYROWDJH &9
PHDVXUHPHQWVZHUHSHUIRUPHGDQGGHYLFHVZHUHDQDO\]HGYLDWKH0RWW6FKRWWN\06DQDO\VLV
7DEOH6VKRZVWKHEXLOWLQSRWHQWLDO9%,DQGGHIHFWGHQVLW\1RIRXU76&VZKLFKDUHFDOFXODWHG
IURP WKH 0RWW6FKRWWN\ DQDO\VLV GHWDLOHG LQ WKH VXSSRUWLQJ LQIRUPDWLRQ 7KH 9%,RI DOO WKH 76&V
LQFUHDVHG ZLWK LQFUHDVLQJ 3&'7%7 FRQWHQW DQG WKH GLIIHUHQFH EHWZHHQ 92& DQG 9%, UHPDLQHG
FRQVWDQWIRUDOORXU76&VDW9LQGLFDWLQJWKDWWKHLQFUHDVHG9%,LVUHVSRQVLEOHIRUWKHHQKDQFHG
92&,QDGGLWLRQSUHYLRXVZRUNKDVLOOXVWUDWHGWKDWWKHGHQVLW\RIGHIHFWVGRPLQDWHVRYHUYDULDWLRQV
LQEDQGJDSDQGZLOOGHWHUPLQHWKHILQDODFKLHYDEOH92&$VVKRZQLQ7DEOH6DQG)LJXUHWKH
GHIHFWGHQVLW\RI WKH76&VGHFUHDVHGIURP[IRU WKHELQDU\GHYLFH WR[FP IRU WKH
WHUQDU\ GHYLFH ZLWK  ZW  RI 3&'7%7 :KHQ GHYLFHV DUH XQGHU LOOXPLQDWLRQ 76&V ZLWK D
ORZHUGHIHFWGHQVLW\ZLOOH[KLELWD ODUJHUHQHUJ\VKLIW WKDQWKH76&VZLWKDKLJKHUGHIHFWGHQVLW\
7KLV LV GXH WR IHZHU HOHFWURQLF VWDWHV ZLWKLQ WKH EDQGJDS DYDLODEOH WR EH RFFXSLHG E\
SKRWRJHQHUDWHG FKDUJHV DQG OHDGV WR D GHHSHU GRZQZDUG VKLIW ZLWK UHVSHFW WR WKH HTXLOLEULXP
)HUPLOHYHO()DQGWKXVDKLJKHU92&LVREWDLQDEOH
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
)LJXUH(QHUJ\GLDJUDPVRIWKHDELQDU\DQGEWHUQDU\EOHQGVXQGHULOOXPLQDWLRQLQGLFDWLQJWKH
HOHFWULFDOO\DFWLYHVWDWHVLQWKHEDQGJDSRIERWKPDWHULDOV7KHGRQRU+202OHYHOZLOOEHGLVSODFHG
GHSHQGLQJ RQ WKH DGGLWLRQ RI 3&'7%7 7KH SRVLWLRQ RI WKH HTXLOLEULXP GDUN )HUPL OHYHO LV
GHQRWHG () 7KH GLIIHUHQFH EHWZHHQ WKH KROH ()S DQG HOHFWURQ ()Q )HUPL /HYHOV \LHOGV WKH
RSHQFLUFXLWYROWDJH
&RQFOXVLRQ
,Q VXPPDU\ ZH GHPRQVWUDWHG WKDW KLJK SHUIRUPDQFH WHUQDU\ VRODU FHOOV FDQ EH SUHSDUHG E\
LQFRUSRUDWLQJ D PHGLXP EDQGJDS SRO\PHU 3&'7%7 LQWR D FU\VWDOOLQH 3II%772'3&%0
KRVW EOHQG 7KH WKLUG FRPSRQHQW 3&'7%7 ZDV GHWHUPLQHG WR ORFDWH DW WKH LQWHUIDFH EHWZHHQ
3II%772' DQG 3&%0 ZLWKRXW GLVUXSWLQJ WKH FU\VWDOOL]DWLRQ RI WKH SULPDU\ HOHFWURQ GRQRU
3II%772' PDLQWDLQLQJ JRRG FKDUJH PRELOLW\ DQG ZDV IRXQG WR ORRVHQ WKH IXOOHUHQH
DJJUHJDWLRQ QHWZRUNV WKDW OHDG WR VXSHULRU H[FLWRQ GLVVRFLDWLRQ 'HVSLWH WKH VOLJKWO\ UHGXFHG
DEVRUSWLRQRIWHUQDU\GHYLFHVWKH-6&RIWHUQDU\GHYLFHVUHPDLQVDWDURXQGHYHQZLWKZW
RI 3&'7%7 GXH WR HIILFLHQW HQHUJ\ WUDQVIHU IURP 3&'7%7 WR 3II%772' 'HYLFH SK\VLFV
VWXGLHVVXSSRUWWKDWWKHDGGLWLRQRI3&'7%7FDQHQKDQFHWKHEXLOWLQYROWDJHSURORQJWKHFDUULHU
OLIHWLPHUHGXFHWKHGHIHFWGHQVLW\DQGVXSSUHVVWKHWUDSDVVLVWHGFKDUJHUHFRPELQDWLRQ OHDGLQJWR
DQ LPSURYHG )) DQG 92& $V D UHVXOW WKH WHUQDU\ GHYLFH ZLWK  ZW  3&'7%7 H[KLELWV D
PD[LPXP3&(RIZLWKD92&RI9D-6&RIP$FPDQG))RI2XUUHVXOWV
VXJJHVWWKDWVXSSUHVVLQJFKDUJHUHFRPELQDWLRQDQGUHGXFLQJGHIHFWGHQVLW\LQWHUQDU\EOHQGVLVDQ
HIIHFWLYHDSSURDFKWRLPSURYHWKHSHUIRUPDQFHRI36&V
([SHULPHQWDO6HFWLRQ
4.1. Materials 
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3II%772'DQG3&%0ZHUHSXUFKDVHGIURP6RODUPHU0DWHULDOV%HLMLQJ,QF3&'7%7ZDV
V\QWKHVL]HG LQ RXU SUHYLRXV ZRUN 7L2 QDQRSDUWLFOHV ZHUH V\QWKHVL]HG DFFRUGLQJ WR RXU
SUHYLRXV UHSRUW 8QOHVV RWKHUZLVH VWDWHG DOO FKHPLFDOV DQG VROYHQWV ZHUH RI UHDJHQW JUDGH DQG
XVHGDVUHFHLYHG  
)DEULFDWLRQRIWHUQDU\VRODUFHOOV
6RODUFHOOVZHUHIDEULFDWHGLQLQYHUWHGVWUXFWXUHV7KHSUHSDWWHUQHG,72JODVVVXEVWUDWHVUHVLVWDQFH
ca.SHUVTXDUHZHUHFOHDQHGE\VHTXHQWLDOVRQLFDWLRQLQZDWHUHWKDQRODQGLVRSURS\ODOFRKRO
IRUPLQXWHVHDFKEHIRUHGU\LQJDWR&RQDKRWSODWH$IWHUXOWUDYLROHWR]RQHWUHDWPHQWIRU
PLQQP7L2ILOPVZHUHFDVWIURPWKH7L2GLVSHUVLRQZLWKWKHSUHVHQFHRIPROWLWDQLXP
GLLVRSURSR[LGHELVSHQWDQHGLRQDWH7,3'E\VSLQFRDWLQJDWUSPIROORZHGE\WKHUPDO
DQQHDOLQJ DW  R& IRU  PLQXWHV WR FRQYHUW 7,3' WR WLWDQLXP R[LGH ELVSHQWDQHGLRQDWH
723' 723' KHUH DFWV DV D ELQGHU DPRQJ 7L2 QDQRSDUWLFOHV WR UHGXFH PRUSKRORJLFDO DQG
HQHUJHWLFGHIHFWVDQGKDVEHHQGHPRQVWUDWHGDVDQHIILFLHQWHOHFWURQWUDQVSRUWOD\HUIRURUJDQLFDQG
SHURYVNLWH SKRWRYROWDLFV LQ RXU SUHYLRXV ZRUN  7KH 7L2 ILOPV ZHUH WKHQ WUDQVIHUUHG LQWR DQ
1ILOOHG JORYH ER[ DQG LUUDGLDWHG IRU  PLQ XQGHU D  QP 89 OLJKW EHIRUH ULQVLQJ ZLWK
HWKDQRODPLQH($VROXWLRQZWLQPHWKR[\HWKDQRODWUSP$FWLYHOD\HUVROXWLRQVZHUH
SUHSDUHGLQ&%'&%YROXPHUDWLRZLWKRI',23II%772'FRQFHQWUDWLRQPJP/í
7RFRPSOHWHO\GLVVROYHWKHSRO\PHUWKHDFWLYHOD\HUVROXWLRQZDVVWLUUHGRQDKRWSODWHDWR&IRU
DWOHDVWK%HIRUHVSLQFRDWLQJERWKWKHSRO\PHUVROXWLRQDQG,72VXEVWUDWHZHUHSUHKHDWHGRQD
KRW SODWH DW Ĭ R& $FWLYH OD\HUV ZHUH VSLQFRDWHG IURP WKH ZDUP SRO\PHU VROXWLRQ RQ WKH
SUHKHDWHGVXEVWUDWHLQDQ1JORYHER[DWUSP7KHSUHKHDWHGVXEVWUDWHVZHUHWUDQVIHUUHGWRWKH
VSLQ FRDWHU FKXFN DQG WKH ILOP FDVWLQJ SURFHVV ZDV FRPSOHWHG ZLWKLQ  V 7KHQ WKH GHYLFH
VXEVWUDWHVZHUHSXWLQDYDFXXPFKDPEHURYHUQLJKWaK)LQDOO\QP0R2DQGQP$J
ZHUHGHSRVLWHGRQWR WKHSKRWRDFWLYH OD\HU WKURXJKVKDGRZPDVNVE\ WKHUPDOHYDSRUDWLRQ$OO WKH
GHYLFHVZHUHHQFDSVXODWHGZLWK89FXUDEOHHSR[\JOXHDQGJODVVVOLGHVEHIRUHWDNLQJRXWIURPWKH
JORYHER[IRUGHYLFHWHVWLQJ
&KDUDFWHUL]DWLRQ 
)LOPDEVRUSWLRQVSHFWUDZHUHPHDVXUHGXVLQJD899LVLEOHVSHFWURSKRWRPHWHU+,7$&+,-DSDQ
)LOP WKLFNQHVV ZDV PHDVXUHG XVLQJ D VSHFWURVFRSLF HOOLSVRPHWHU - $ :RROODP 86$ :DWHU
FRQWDFW DQJOH PHDVXUHPHQWV ZHUH SHUIRUPHG XVLQJ D ZDWHU FRQWDFW DQJOH PHDVXUHPHQW V\VWHP
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VFLHQFH DQG(QJLQHHULQJ IURP-LQDQ8QLYHUVLW\ LQDQGDQ06GHJUHH LQ0DWHULDOV6FLHQFH
DQG(QJLQHHULQJIURP:XKDQ8QLYHUVLW\RI7HFKQRORJ\LQ+HLVFXUUHQWO\D3K'FDQGLGDWH
ZLWKDVSHFLILFIRFXVRQSRO\PHUVRODUFHOOV



-LQORQJ&DLZDVERUQLQLQ1DQWRQJ&KLQD+HUHFHLYHGD%6
GHJUHHLQ3RO\PHU0DWHULDOVDQG(QJLQHHULQJIURP+XEHL8QLYHUVLW\RI7HFKQRORJ\LQ+HLV
FXUUHQWO\DQ06VWXGHQWZRUNLQJRQRUJDQLFSKRWRYROWDLFV

 


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     

)HLORQJ&DLZDVERUQLQ+HUHFHLYHGD%6GHJUHHLQ3RO\PHU
0DWHULDOVDQG(QJLQHHULQJIURP:XKDQ8QLYHUVLW\RI7HFKQRORJ\LQ+HLVFXUUHQWO\DQ06
VWXGHQWZRUNLQJRQSKRWRYROWDLFVZLWKDVSHFLILFIRFXVRQYDULRXVHOHFWURQKROHWUDQVSRUWPDWHULDOV







<X <DQ ZDV ERUQ LQ  +H UHFHLYHG D %6 GHJUHH LQ 3RO\PHU
0DWHULDOV DQG (QJLQHHULQJ DQG DQ 06 GHJUHH LQ 0DWHULDOV 6FLHQFH IURP :XKDQ 8QLYHUVLW\ RI
7HFKQRORJ\LQDQGUHVSHFWLYHO\+HLVFXUUHQWO\D3K'FDQGLGDWHPDMRULQJLQPDWHULDO
VFLHQFHV XQGHU WKH GLUHFWLRQ RI 3URIHVVRU7DR :DQJ DQG KLV UHVHDUFK IRFXVHV RQ LPSURYLQJ WKH
SRZHUFRQYHUVLRQHIILFLHQF\RIRUJDQLFVRODUFHOOVYLDUDWLRQDOPRUSKRORJ\FRQWURO

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     

'U+XQDQ<LUHFHLYHGKLV06FIURP6KDQJKDL&KLQDDQGKLV3K'
IURP 8QLYHUVLW\ RI 6W $QGUHZV RQ '\H6HQVLWLVHG 6RODU &HOOV ZKHUH KH UHPDLQHG DV D UHVHDUFK
IHOORZDIWHU3K'XQWLO+HWKHQEHFDPHDSRVWGRFWRUDOUHVHDUFKDVVRFLDWHDWWKH8QLYHUVLW\RI
6KHIILHOGGHYHORSLQJYDULRXVFRQMXJDWHGSRO\PHUVIRURUJDQLFVRODUFHOODSSOLFDWLRQV6LQFH
KH LV D .QRZOHGJH 7UDQVIHU $FFRXQW .7$ DVVRFLDWH ZLWK ERWK WKH 8QLYHUVLW\ RI 6KHIILHOG DQG
2VVLOD/WG8. 

'U5REHUW*XUQH\UHFHLYHGKLV3K'LQ3K\VLFVIURPWKH8QLYHUVLW\
RI6XUUH\LQXQGHUWKHVXSHUYLVLRQRI3URIHVVRU-RH.HGGLH+HVSHQWDIXUWKHUPRQWKVLQWKH
VDPHJURXSDVDSRVWGRFZRUNLQJZLWKLQGXVWULDOSDUWQHUVRQPRLVWXUHDQDO\VLVDQGVFDQQLQJSUREH
PLFURVFRS\RISRO\PHUILOPVEHIRUHPRYLQJWR(63&,LQ3DULV7KHUHKHZRUNHGRQWKHDGKHVLRQ
DQG UKHRORJ\ RI 6%5 DW VKRUW WLPH VFDOHV ZLWK 3URIV &RVWDQWLQR &UHWRQ DQG $QNH /LQGQHU
FROODERUDWLQJZLWK0LFKHOLQ+HMRLQHGWKHJURXSDW:XKDQ8QLYHUVLW\RI7HFKQRORJ\LQ0D\
DVDSRVWGRFWRVWXG\RSWRHOHFWURQLFGHYLFHV



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     
'U'DQ/LXVWXGLHGVRIWFRQGHQVHGPDWWHUSK\VLFVLQWKH8QLYHUVLW\
RI6XUUH\VLQFH2FWDQGZDVDZDUGHGD3K'LQ-XQ)URP1RYWR$XJVKH
ZDV D SRVWGRF UHVHDUFK DVVRFLDWH LQ WKH VFKRRO RI SK\VLFV DQG DVWURQRP\ 8QLYHUVLW\ RI /HHGV
ZRUNLQJRQOLSLGPHPEUDQH,Q'DQZDVDZDUGHGWKH&KX7LDQ6FKRODURI+XEHLSURYLQFH
&KLQDDQGZDVDSSRLQWHGDVVRFLDWHSURIHVVRULQWKHVFKRRORIPDWHULDOVVFLHQFH	HQJLQHHULQJDW
:XKDQ 8QLYHUVLW\ RI 7HFKQRORJ\ &KLQD +HU UHVHDUFK LQWHUHVWV LQFOXGH VRIW PDWWHU SK\VLFV DQG
SRO\PHUPDWHULDOV

'U $KPHG ,UDTL REWDLQHG KLV %6F IURP WKH 8QLYHUVLW\ RI )HV
0RURFFR LQ7KLVZDVIROORZHGE\DQ06FLQ&KHPLVWU\IURP8QLYHUVLW\3DXO6DEDWLHU LQ
7RXORXVHLQDQGD3K'IURPWKHVDPHLQVWLWXWLRQLQ8QWLOKHZDVD3RVWGRFWRUDO
5HVHDUFK $VVRFLDWH DW WKH 8QLYHUVLW\ RI 6W $QGUHZV ZKHQ KH EHFDPH D /HFWXUHU DW /DQFDVWHU
8QLYHUVLW\ ,Q  KH ZDV DSSRLQWHG /HFWXUHU DW WKH 8QLYHUVLW\ RI 6KHIILHOG ZKHUH KH ZDV
SURPRWHGWR6HQLRU/HFWXUHULQDQG5HDGHULQ

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     
3URI7DR:DQJUHFHLYHGD%6LQ3RO\PHU0DWHULDOVDQGDQ
06LQ0DWHULDOV6FLHQFH+HREWDLQHGKLV3K'LQ3K\VLFVIURPWKH8QLYHUVLW\RI6XUUH\
8. LQ)HE+H WKHQ WRRNDSRVWGRFSRVLWLRQ LQ WKH VDPHJURXSXQWLO2FWZKHQKH
PRYHG WR WKH8QLYHUVLW\RI6KHIILHOG 8.ZKHUHKHZRUNHGZLWK3URI5LFKDUG-RQHV)56DQG
3URI'DYLG/LG]H\RQRUJDQLFVRODUFHOOV+HZDVDZDUGHGIXQGLQJIURP³5HFUXLWPHQW3URJUDPRI
*OREDO([SHUWV´RI&KLQDLQDQGZDVDSSRLQWHGSURIHVVRULQ:XKDQ8QLYHUVLW\RI7HFKQRORJ\
&KLQD+LVUHVHDUFKLQWHUHVWVDUHRSWRHOHFWURQLFGHYLFHVSRO\PHUSK\VLFVDQGSRO\PHUPDWHULDOV

